The most innovative technique introduced recently into the field of biological study is the polymerase chain reaction (PCR) which can amplify even single-copy DNA sequences to high levels.
In situ PCR, which is a method of in situ amplification of DNA of interest in tissue sections, has been subse-quently developed and mainly used to investigate tissues infected with viruses. A combination of reverse transcription and PCR has been utilized to detect mRNA of interest in situ.
The technique of in situ PCR is promising for a wide variety of applications in basic histology and histopathology.
I. Introduction
The polymerase chain reaction (PCR) is an extraordinary, powerful technique in the practice of molecular biology [14] . Soon after the invention of the PCR method, a modified technique, reverse transcription (RT)/PCR, was introduced to monitor gene expression. By other techniques including Northern blot analysis and RNase protection assay, the level of mRNA can also be assessed. However, RT/PCR is much more sensitive than these methods and in addition to being quicker and simpler.
In histochemical studies, in situ detection of target DNA or gene expression has been carried out by in situ hybridization (ISH). In situ RT/PCR has been, however, expected to show higher sensitivity to investigate mRNA localization.
Nowadays, a number of reports describe PCR methods of in situ amplification of target DNA on tissue sections [4, 7-9, 11, 12] . In this review, we will survey the current methods of in situ PCR, its applications and problems encountered during the experiments.
II. An Overview of Methods
Simple in situ PCR and in situ RT/PCR PCR is a technique by which specific target nucleotide sequences are amplified. In in situ PCR, the amplification is performed on tissue sections or in cell suspensions ( Fig. 1 ). When the target template nucleotides of interest are DNA molecules, we call the in situ amplification method 'simple in situ PCR'. Unlike simple in situ PCR, in situ RT/PCR is carried out starting from an RNA template. For subsequent DNA amplification by PCR, mRNA has to be reverse transcribed into single-stranded cDNA in tissue sections. The combination of RT and PCR is called in situ RT/PCR (or RT/PCR in situ). While simple in situ PCR has been mainly utilized to detect virus DNA in infected tissues [3, 11] , in situ RT/PCR gives morphological information on expression of genes [6, 10, 11, 18] . The presence of genomic DNA in cells is known to be a major cause of non-specific DNA amplification in in situ PCR [11] . Therefore, prior to RT/PCR reactions performed on tissue sections, genomic DNA has to be completely digested by DNase I (Fig. 1 ), when positive signals are observed by the direct detection method (see below) in in situ RT/PCR.
Direct and indirect detection methods
For signal detection, there are two different procedures: (i) in situ hybridization is performed for signal detection using standard methods following in situ PCR (indirect detection method); (ii) without performing in situ hybridization, the signal is directly detected by label (e.g. digoxigenin, biotin or fluorescein) incorporation during the PCR process (direct detection method). In the former 
Problems encountered in in situ PCR experiments
The most severe problem encountered during in situ PCR is a very low extent of DNA amplification . Nuovo [11] has estimated that the extent is 200-300 fold by 30 cycles. It has been estimated as only 10-30 fold by Staskus et al. [15] and Embretson et al. [2] . The low efficiency of amplification is assumed to be due to poor accessibility of reagents (i.e. primers, DNA polymerase, nucleotide substrates) to the target. Consequently, the number of cycles should be increased in in situ PCR compared to that in solution-phase PCR.
Hoyland et al . have, however, reported that too many cycles decrease the signal intensity in in situ PCR [4] . They have hypothesized that this phenomenon reflects diffusion or washout of amplification products. The permeability is presumed to be increased in tissues exposed to considerably higher temperatures for longer periods.
Another problem encountered during in situ PCR experiments is morphology preservation. Tissue samples are subjected to protease digestion to increase the permeability [11] . The proteased tissue sections are exposed to higher temperatures for long periods, and in addition the temperature changes rapidly and frequently.
The degree of morphology impairment depends on conditions of fixation, protease treatment, thermal cycling and tissue itself. In our experience, we have found that morphology preservation is worse in tissues with many cavities (e.g., lung). Following protease treatment, post-fixation of tissue section with glutaraldehyde is sometimes effective for the preservation.
III. Examples of Simple In Situ PCR
The technique of in situ detection of amplified DNA of interest was initially reported by Haase et al. (1990) [3] . They amplified DNA of visina virus DNA in sheep choroid plexus cells. Prior to PCR amplification, the cells were fixed with paraformaldehyde and suspended in a PCR reaction mixture. The amplified DNA was detected by in situ hybridization.
The have stated that the combination of in situ hybridization with PCR-mediated amplification is 2 orders of magnitude more sensitive than in situ hybridization alone.
Nuovo has modified and improved the methodology of in situ amplification of target DNA for the identification of viruses including human papilloma virus and Epistein-Barr virus on paraffin-embedded tissue sections [11].
IV. Examples of In Situ RT/PCR
Fas is a transmembrane receptor protein associated with apoptosis [5] . Upon binding Fas ligand , Fas mediates signals of programmed cell death [16, 17] . Fas occurs also as soluble forms generated by alternative splicing of the gene. Each of the soluble isoforms can block cell death. The soluble Fas (sFas) is synthesized by tumor cells and thus the isoforms can be a marker of malignancy . Lee et al. [7] have reported the expression of Fas and sFas mRNAs in primary and metastatic stomach cancers using in situ RT/PCR.
Estrogen is one of essential factors for maintenance of the female skeleton [13] . The postmenopausal lack of estrogen is a cause of osteoporosis . Localization of estrogen target cells in human bone was unclear . With conventional ISH, transcripts of estrogen receptor (ER) were not detectable in bone cells on tissue sections . Utilizing in situ RT/PCR, Hoyland et al. have investigated distribution of ER in bone and found that osteoblasts, osteoclasts and osteocytes all express ER transcripts in vivo [4] . PRL exerts important influences on not only lactation but water-electrolyte balance, fertility and growth in a wide variety of animal species. The expression of PRL was once believed to be merely restricted to the pituitary.
An increasingly large body of evidence, however, has suggested the existence of extrapituitary expression of PRL [1] . We have investigated PRL expression in multiple tissues using in situ RT/PCR. Fig. 2 shows an example of our experimental results. The expression of the mouse PRL (mPRL) gene in choroid plexus was assessed by in situ RT/PCR.
A positive signal representing distribution of mPRL transcript is clearly seen on the choroid plexus ( Fig.  2A ). In the negative control section, in which reverse transcriptase was omitted, no signal is observed (Fig.  2B ). PRL is known to be contained abundantly in the cerebrospinal fluid (CSF). The CSF PRL has long been believed to be pituitary-derived blood-borne.
And yet our data demonstrates that the choroid plexus epithelial cells express PRL transcripts and therefore raises the possibility that PRL in CSF is not derived from blood but is produced by the choroid plexus epithelium. We have also observed the expression of the mPRL gene in this tissue by ISH (unpublished result by Y.H.).
The signal for mPRL mRNA obtained by ISH was weak. The expression level of mPRL in this tissue appears rather low. Thus in situ RT/PCR is more powerful than ISH to monitor gene expression in situ.
VI. Concluding Remarks
In situ PCR is a powerful method, which can detect low copy nucleotide sequences in tissue sections when they could not be detected by ISH. This technique can be utilized in a wide variety of morphological fields which demand a high degree of sensitivity.
VII.
